We have examined the protease susceptibility of aortic myosin, the thermal unfolding profiles of myosin rod and light meromyosin (LMM) and the solubility properties of the LMM fragments. Two major protease-susceptible sites were found, located at the head-rod junction and the heavy meromyosin (HMM)-LMM junction. Both tryptic and chymotryptic digestion of aortic myosin rod produced the LMM (80-85 kDa) and short subfragment 2 (S-2) (40-45 kDa) segments, which were similar to those ofgizzard myosin rod and differed from the short LMM (70 kDa) and long S-2 (58 kDa) segments produced from skeletal-muscle rod. The thermal unfolding profile of aortic myosin rods exhibited three helix-unfolding transitions, at 47.5, 51 and 54°C, similar to those of gizzard rods yet different from INTRODUCTION
INTRODUCTION
Smooth-muscle myosin, like striated-muscle myosin, is comprised of two heavy chains. The N-terminal region of each heavy chain folds together with light chains to form a globular head region called subfragment 1 (S-1). Each head contains a site for ATP binding or hydrolysis and an actin-binding site. The rest of the two heavy chains wrap around each other to form a coiled-coil of a-helices referred to as a rod. This region contains the binding sites for assembling myosin into thick filaments, the functional form of myosin in muscle. The rod portion of myosin molecules from either striated muscle or gizzard smooth muscle can be separated from the head by limited papain digestion [1] or chymotrypsin proteolysis in the absence of bivalent cations [2] . Subsequent digestion of the rod with either trypsin or chymotrypsin results in two subfragments: subfragment 2 (S-2), which is the soluble portion immediately adjacent to the head, and light meromyosin (LMM), the C-terminal half of the rod which is thought to account for the rod's insolubility [1] .
Vertebrate smooth-muscle and non-muscle myosins share a distinct property that their actin-activated ATPase activities are primarily regulated through the phosphorylation of the 20 kDa light chains [3, 4] . In spite of the remarkable similarity between aortic and gizzard myosin, recent experimental evidence has demonstrated significant differences between myosin molecules from these two smooth muscles. Gizzard myosin, but not aortic myosin, contains a seven-amino acid insert near the ATP-binding site in the head, which appears to account for the higher velocity of actin filament movement in vitro and the higher actin-activated Mg-ATPase activity of gizzard myosin when compared with aortic myosin [5] . In addition, the actin-activated ATPase activity of the unphosphorylated aortic myosin but not that of the unphosphorylated gizzard myosin can be stimulated by skeletalthose of skeletal-muscle rods. There was a dramatic difference in the solubility of aortic LMM fragments of various molecular mass, as for gizzard smooth-muscle LMM and rabbit skeletalmuscle LMM. LMM fragments of molecular mass 77 kDa or more were completely insoluble in low-ionic-strength buffer, whereas LMM fragments of molecular mass 73 kDa or less were completely soluble in low-ionic-strength buffer. Proteolytic digestion patterns of LMM showed two additional proteasesusceptible sites located 13 and 30 kDa from the ends of the LMM molecule. This suggests the existence of flexible regions within the LMM molecule, which may be responsible for the folded form of aortic myosin. muscle tropomyosin, implying that differences exist between these myosin molecules [6, 7] . In this study, we examined the protease susceptibility of aortic myosin, rod and LMM, and the solubility properties of their proteolytic fragments. The proteasesusceptible sites of aortic myosin appear to be the same as those of gizzard myosin, indicating that they have similar proteolytic domains. The solubility comparison of LMM and its subfragments indicates that only a small portion (about 5 kDa) of LMM is critical for the insolubility of LMM in low-ionicstrength buffer, suggesting that this small segment plays an essential role in myosin filament assembly. This property resembles that of LMM from gizzard smooth muscle [8] [9] [10] and rabbit skeletal muscle [11] .
Skeletal-muscle myosin rods exihibit multiple thermal-and denaturant-induced unfolding transitions involving regions of different stability [12, 13] . Unfolding profiles of gizzard smoothmuscle myosin rod also show two thermal-and denaturantinduced co-operative transitions, indicating the existence of two major structural domains [14] . In this study, we determined the number and size of unfolding domains of aortic rod and LMM and their relative stabilities against temperature by CD measurements. The thermal unfolding profile of aortic myosin rods is slightly different from that of gizzard rods and is distinct from those of skeletal-muscle rods, suggesting that these proteins differ in their co-operative structural domains and domain stabilities.
Myosin from smooth muscle can exist in two monomeric forms, an extended form that sediments at 6S and a folded form that sediments at 1OS. Myosin in the 6S form possesses an extended tail which is able to form filaments. In contrast, myosin in the lOS form folds its 150 nm tail at sites approximately 50 and 100 nm from the heads, and the heads are bent towards the tail [15, 16] . The 6S myosin appears to be the functional form whereas Abbreviations used: HMM, heavy meromyosin; LMM, light meromyosin; S-1, subfragment 1; S-2, subfragment 2; DTT, dithiothreitol.
I To whom correspondence should be addressed. 511 the lOS myosin has no Mg-ATPase activity [17] . Phosphorylation of the regulatory light chains, which activates interaction between actin and myosin filaments in smooth muscle, induces the transition of the folded monomer into the extended monomer at physiological ionic strength [18] . The regulated formation of the 10S myosin in this system probably couples force generation to myosin filament assembly. Observations of the folded myosin conformation suggest that, in addition to the head-rod junction and the heavy meromyosin (HMM)-LMM junction, a third flexible region must exist to allow the tail to fold back to the head. In this paper, we demonstrate the existence of proteasesusceptible sites located in the LMM region, which probably correspond to the flexible regions in the folded (or lOS) conformation of the smooth-muscle myosin molecule.
MATERIALS AND METHODS
Bovine aortic myosin was purified by the method of Chacko [19] [20] with modifications. (NH4)2SO4 fractionation and column chromatography were substituted for the repeated highsalt/low-salt polymerization cycles. Rabbit skeletal-muscle myosin was prepared by the standard procedures of Sreter et al. [21] followed by dialysis and column chromatography to remove titin and other impurities [22] .
Myosin (5 mg/ml) in buffer A (0.6 M NaCl, 1 RESULTS AND DISCUSSION Thermal unfolding of rod and LMM There were three major thermal unfolding transitions for aortic myosin rod. The first and second transitions were broad, with transition midpoints at 47.5 and 51°C respectively, whereas the third transition was very sharp, and had a midpoint at 54 'C. The Aortic myosin (5 mg/ml) was allowed to react with 0.01 mg/ml papain in buffer A at room temperature. Digests were sampled at the time points indicated and subjected to SDS/PAGE (7.5% gel). Lanes S and P indicate the soluble and insoluble fractions (in low-ionic-strength buffer consisting of 40 mM NaCI and 20 mM sodium phosphate) of 50 min digest respectively. and the third transition accounts for about 25 % total helix loss. The obvious difference between the thermal unfolding profiles of these proteins suggests that the proteins differ in their cooperative structural domains and domain stabilities. In general, the helix structures of smooth-muscle myosin rods appear to be thermally more stable than those of skeletal-muscle myosin rods: the major transition of both aortic and gizzard rods started above 51°C whereas the major transition of both chicken [22] and rabbit skeletal-muscle rods had finished at that temperature. Three thermal unfolding transitions were also observed for aortic LMM. The transition midpoints were 46, 50.5 and 54°C respectively. The first transition corresponded to about 15% total helix loss. The second transition was sharp, corresponding to about 70 % total helix loss. The third transition corresponded to about 15 % total helix loss ( Figure 1 ). Similarly to results for the rod, about 16 % of the helix remained at 70°C and about 95 % of the helix was recovered after cooling to 25 'C. Comparison between the unfolding profiles ofrod and LMM indicates that the 54 'C transition is mainly located in the S-2 region, assuming that no interaction occurs between S-2 and LMM regions. Therefore most of the S-2 region of aortic myosin rod is likely to be more stable than the LMM region in high-ionicstrength buffer.
Proteolytic digestion of aortic myosin
The major proteolytic fragments of aortic myosin are described in Figure 3 . Papain digestion of aortic myosin produced 150, 125, 95 and 70 kDa species. The 150 kDa fragment was gradually degraded to the 125 kDa fragment as digestion time increased (Figure 4 ). The 125 kDa fragment was relatively insoluble in lowionic-strength buffer (40 mM NaCl, 20 mM sodium phosphate) (lane P of Figure 4 ), corresponding to the rod portion. The soluble 95 and 70 kDa fragments (lane S of Figure 4 ) correspond to the S-1 portion. The production of 125 and 95 kDa species indicates a susceptible site (site J) located at the head-rod junction. There is a lysine residue next to the proline residue at the head-rod junction in all the available myosin sequences, which may correspond to the papain cleavage site. The number of this lysine residue is 842 in the amino acid sequence of rabbit uterus myosin. The reason for selecting rabbit uterus myosin sequence instead of gizzard myosin sequence as the reference for predicting the proteolytic cleavage sites of aortic myosin is twofold: (1) there is an insert of seven amino acids in S-I of gizzard myosin [5] , resulting in different numbering of amino acid residues in this sequence; (2) the available 501 C-terminal amino acids of rabbit aortic myosin [23] are the same as those of rabbit uterus myosin except for two amino acid residues, whereas the amino acid sequence of chicken gizzard myosin differs by approximately 15 % from that of rabbit uterus myosin.
The production of 150 and 70 kDa fragments indicates an additional protease-susceptible site (site 1) located at the head portion 25 kDa from the head-rod junction. Three lysine residues are located in this region (Lys-633, -644, -646 in the rabbit uterus myosin sequence) and their positions in the sequence are well conserved in all available smooth, striated and non-muscle sequences. One of these lysine residues may provide the peptide bond that is cleaved. The 25 kDa fragment was more clearly demonstrated in the 12 % polyacrylamide gel of Figure 7 (b). An additional 26 kDa band appeared at earlier stages of digestion, whereas the 25 kDa band became the major species at later stages of digestion.
Limited chymotrypsin digestion of aortic myosin produced Figure 5 Time course of chymotryptic digestion of aortic myosin Myosin (1.5 mg/ml) was allowed to react with 0.075 mg/ml chymotrypsin in buffer A at room temperature. Digests were sampled at the time points indicated and subjected to SDS/PAGE (7.5% gel). Lane M, molecular-mass markers.
150,130,85,80 and 65-70 kDa species ( Figure 5 ). The appearance of 150 and 70 kDa species indicates a chymotrypsin-susceptible site about 70 kDa from the N-terminus, near site 1 defined by papain digestion. The production of a 130 kDa fragment indicates a site (site 2) located at the head portion, 5 kDa from the head-rod junction. Site 2 may be located in the region between Phe-793 and Phe-806 (FQAMCRGYLARKAF) which contains several aromatic and large hydrophobic amino acid residues as potential chymotryptic cleavage sites. The 150 kDa fragment was gradually degraded to 130 kDa, and the 85-80 kDa fragments were gradually degraded to one of less than 75 kDa as digestion time increased ( Figure 5 ). The degradation pattern of the 85-80 kDa species resembled that observed for rod digestion (see Figure 9 ). It suggests that these species may come from the rod portion instead of the head portion, by cleavage at sites 3 and 4 respectively. The lack of 95 kDa fragment S-1 may be attributed to its liability to protease digestion, resulting in further degradation to 70 kDa and smaller fragments.
Limited trypsin digestion of aortic myosin produced 145, 120-110, 80-75, 64 and 45 kDa species. All the 145, 120-110 and 80-75 kDa fragments were degraded to 70 kDa as digestion time increased (Figure 6 ). The formation of 145 and 120 kDa species suggests the existence of two trypsin-susceptible sites located at the same position as those for papain digestion, plus an additional cleavage site (site 5) located 5 kDa from the C-terminus of the rod. Site 5 must be close to the chymotryptic cleavage site identified between Phe-1943 and Ala-1944 [24] of the gizzard myosin sequence which is equivalent to Phe-1936 and Val-1937 of the rabbit uterus myosin sequence. The trypsin-cleavage site is therefore predicted to be located in the region between Lys-1925 and Arg-1930 (KSKLRR) which contains several lysine and arginine residues as potential cleavage sites. Those fragments from the S-1 portion of myosin (i.e. 70 and 95 kDa fragments) appear to be readily degraded and thus are not observed on the gel. The formation and degradation of 80-75 kDa species exhibited a pattern similar to that observed during tryptic digestion of the rod (see Figure 10 ), suggesting that these fragments probably come from the rod portion.
Apparently papain digestion of aortic myosin produces S-1 and the rod, whereas limited chymotrypsin and trypsin digestion Myosin (1.5 mg/ml) was allowed to react with 0.075 mg/ml trypsin in buffer A at room temperature. Digests were sampled at the time points indicated and subjected to SDS/PAGE (7% gel). Lane M, molecular-mass markers.
yields both a head-rod pair and an HMM-LMM pair. These results indicate that two major protease-susceptible sites are located at the head-rod junction and the HMM-LMM junction, which resemble those of striated-muscle myosin [1, 2] and gizzard smooth-muscle myosin [25] .
The digestion work was performed simultaneously with skeletal-muscle, gizzard and aortic myosin for direct comparison. The papain digestion patterns of these myosins are shown in Figure 7 (a). The gizzard myosin exhibited exactly the same digestion pattern and size of fragments as those of aortic myosin.
However, the rabbit skeletal-muscle myosin showed a different pattern. The 95 kDa fragment S-1 was not clearly observed, suggesting that it was degraded into smaller fragments. Two major fragments (72 and 75 kDa) were slightly longer than that of smooth-muscle myosin (70 kDa) and an additional 58 kDa fragment appeared in the digestion pattern.
The chymotryptic digestion pattern of gizzard myosin resembles that of aortic myosin (Figure 8a) [8] . However, the chymotryptic digestion pattern of rabbit skeletal-muscle myosin (Figure 8b ) is dramatically different from those of smooth-muscle myosins. There is a well-preserved 90 kDa fragment identified as S-I because it did not appear in the digestion pattern of rabbit skeletal-muscle myosin rod (Figure 8c ). In addition, the size of LMM is no more than 70 kDa at the earliest stage of digestion, indicating a chymotrypsin-susceptible site between the 'long S-2' and 'short LMM' segments. In contrast, chymotryptic digestion of both gizzard and aortic myosin produced an 85 kDa 'long LMM'-at the early stage of digestion. at the time points indicated and subjected to SOS/PAGE (7.5% gel). (b) Gizzard myosin and aortic myosin (0.5 mg/mi) were allowed to react with 0.001 mg/mi papain in buffer A at room temperature. Digests were sampled at the time points indicated and subjected to SOS/PAGE (12% gel).
Proteolytic digestion of aortic rod
Limited chymotrypsin digestion (myosin rod, 0.2 mg/ml; chymotrypsin, 0.02 mg/ml) of the aortic myosin rod (125 kDa) produced 80 and 45 kDa fragments, indicating that the rod was cut at site 4 at the very beginning of digestion by chymotrypsin (Figure 9a ). The 80 kDa fragment was gradually degraded to 79, 77 and 75 kDa species step by step. The 75-80 kDa species were insoluble in low-ionic-strength buffer (lane P of Figure 9a ), corresponding to the LMM portion of the myosin rod, whereas the soluble 45 kDa fraction (lane S of Figure 9a ) corresponds to the S-2 portion of the myosin rod. The resulting 45 kDa S-2 species is larger than skeletal-muscle short S-2 (34 kDa) and smaller than skeletal-muscle long S-2 (58 kDa). This result resembles that of the chymotryptic digestion of gizzard rod [26] . Limited tryptic digestion of the aortic myosin rod (125 kDa) also produced 80 kDa (LMM) and 45 kDa (S-2) species ( Figure   10 ). However, the 45 kDa species was degraded to a 40 kDa fragment as reaction time increased, indicating that an additional proteolytic site is located 5 kDa from the end of S-2 (site 3). This site might correspond to the protease-susceptible site reported for the myosin rod of chicken gizzard [8, 27] and pig stomach [27] smooth-muscle myosin. The fact that only the 40 kDa species was observed in those studies might be attributed to the stronger digestion conditions used than in this study. The S-2 segments obtained from aortic myosin rod are similar to those of chicken gizzard rod and pig stomach rod. In contrast, chymotryptic digestion of rabbit skeletal-muscle rod under the same conditions produces the shorter LMM (70 kDa) and long S-2 (58 kDa) segments at the early stage of digestion (Figure 8c ). The long S-2 segment of skeletal-muscle myosin was not observed in smooth-muscle myosin rod even under the mild digestion conditions used in this study. Thus the shorter S-2-LMM junction hinge region appears to be a common property of vertebrate smooth-muscle myosin rod, which is distinct from the longer hinge segment of the skeletal-muscle myosin rod. Whether the differences in the length of hinge affect the contractile properties of the cross-bridges in these muscles remains to be determined.
Solubility properties of LMM fragments
The 80 kDa LMM produced by tryptic digestion of myosin rod was gradually degraded to a 70 kDa fragment as the digestion time increased (Figure 10 ). The 70 kDa fragment was further Figure 9 (a) was further degraded to 73 and 70 kDa species as the concentrations of myosin rod and chymotrypsin were increased. Figure 9( Figure 9b ). In contrast, LMM fragments greater than 75 kDa were insoluble (lane P of Figure 9b ). 
